1. Introduction
===============

Enolase was originally characterized as an enzyme involved in glycolytic metabolism catalyzing the conversion of 2-phosphoglycerate into phosphoenolpyruvate. In mammals, there are three isoforms of enolase, called α-ENO1, β-ENO3 and γ-ENO2 ([@bib28]). The α-enolase is a major form of enolase present in the early stages of embryonic development; it is expressed ubiquitously in various types of tissue, whereas γ-ENO2 and β-ENO3 are exclusively found in neuron and muscle cells ([@bib5], [@bib9]). By using an alternative translation start codon, ENO1 can be translated into *c-myc* promoter binding protein 1 (MBP-1), which is preferentially localized in cell nuclei ([@bib11]). Both ENO1 and MBP-1 proteins are known to be negative regulators for *c-myc* expression.

Recently, it was reported that α-enolase is a multifunctional protein which exhibits enzymatic, structural, and receptor functions ([@bib9], [@bib22]). In addition to its glycolytic function, α-enolase has been found to play an important role in several biological and pathophysiological processes ([@bib32], [@bib33]). In particular, several studies have found α-enolase to play important roles in tumorigenesis. For example, [@bib28] found α-enolase on the cell surface, functioning as one of the plasminogen receptors which may play a role in tumor invasion. Up-regulation of α-enolase has also been reported in several highly tumorigenic or metastatic cell lines ([@bib9], [@bib18], [@bib27], [@bib36], [@bib37]). α-Enolase over-expression has been correlated with tumorigenicity in several types of cancer, which suggests its pathophysiologic role in cancer formation ([@bib3]). Furthermore, an autoantigen of α-enolase was identified in non-small cell lung cancer and its over-expression was highly correlated with poor survival outcomes ([@bib9]). In addition to its roles in cancer, α-enolase has been implicated in numerous diseases, including autoimmune disorders, ischaemia and bacterial infection ([@bib5], [@bib7], [@bib14], [@bib20], [@bib21], [@bib30]).

Generation of monoclonal antibodies with high specificity to various target antigens through traditional hybridoma technology is an expensive and tedious process ([@bib16]). In recent years, a phage display system which is more cost and time effective involving the in vitro cloning of antibody heavy and light genes, has been extensively used to identify and isolate monoclonal antibodies from recombinant antibody repertories ([@bib6], [@bib35]). Smaller recombinant engineered antibody fragments, e.g. antigen-binding fragment (Fab) or single-chain variable fragment (scFv), are now emerging as new applications in diagnosis and therapy for the biotechnology market. ScFv molecules in which the VH and VL domains are joined with a flexible polypeptide linker usually retain the specific, monovalent antigen-binding affinity of the parent IgG, while showing improved pharmacokinetics for tissue penetration ([@bib17]). Among all the animals suitable for antigen immunization, domestic chicken is the most feasible and available host for scFv antibody library construction to screen efficient binders against various pathogen infections for diagnostic applications ([@bib10], [@bib12], [@bib26]). From the aforementioned studies, α-enolase might serve as a potential target for diagnostic or therapeutic application clinically. Accordingly, in the present study, we generated and characterized the anti-α-enolase polyclonal IgY antibodies in chicken and monoclonal scFv antibodies by a phage display system using ELISA, Western blotting, flow cytometry and immunofluorescence staining.

2. Materials and methods {#sec1}
========================

2.1. α-Enolase protein expression and purification
--------------------------------------------------

The gene encoding α-enolase protein was cloned from PE089 cells by reverse transcription-PCR using gene-specific primers 5′-GGTGGAATTCTA*TCTATTCTCAAGATCCATGCC*-3′ (forward) and 5′-ACTCCATGGTTA*CTTGGCCAAGGGGTTTCT*-3′ (reverse). The PE089 cell line was originally obtained from effusion tumor cells of a 36-year-old patient with stage IV lung adenocarcinoma, which was kindly provided by Dr. Neng-Yao Shih from National Institute of Cancer Research, National Health Research Institutes, Tainan, Taiwan. The resultant PCR fragment was cloned into the pGEX-KG vector at EcoRI and NcoI sites and transformed into the *E. coli* BL-21 (DE3) strain for expression. The gene was also subcloned into the pET21a vector using 5′-CCGCGTGAATTCGGGGATCC*ATGTCTATTCTCAAGATCC*-3′ (forward) and 5′-CATGGAGTCGACCTCGAG*CTTGGCCAAGGGGTTTCTG*-3′ (reverse) primers and expressed as His-fused α-enolase. Individual clones were grown in 5 ml LB medium containing ampicillin (100 μg/ml) at 37°C overnight. The bacterial culture was diluted 10-fold in the same LB medium and further grown until the OD~600~ reached between 0.6 and 1.0. To induce GST-fused or His-fused α-enolase protein expression, isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM in the culture. The cell pellet was re-suspended in 2 ml of 1× PBS containing 1% Triton x-100 and lysed by three cycles of freezing (−70 °C) and thawing (37 °C). After centrifugation, the resulting cellular lysate was incubated with Glutathione Sepharose 4B or a Ni^2+^-charged resin column to purify the α-enolase protein according to the manufacturer\'s instruction (General Electronics, Piscataway, NJ, USA).

2.2. Chicken immunization
-------------------------

Female white leghorn (*Gallus domesticus*) chickens were immunized with 100 μg purified α-enolase in an equal volume of Freund\'s complete adjuvant by an intramuscular injection. Three additional immunizations with incomplete adjuvant were performed at intervals of 7 days. After each immunization, IgY antibodies in sera and egg yolk were collected and titrated by an enzyme-linked immunosorbent assay (ELISA) to determine the presence of humoral anti-α-enolase immune response. Egg yolk was separated from the egg white for IgY purification using 10% Dextran sulphate as described previously ([@bib1], [@bib2]). The purified total IgY antibodies from each egg were dissolved in 5 ml of TBS containing 0.05% sodium azide and stored at −20 °C.

2.3. Construction of scFv antibody library and biopanning
---------------------------------------------------------

The antibody library was established based on the previous report ([@bib4]). Briefly, chicken spleens were harvested 7 days after the final immunization. Two hundred milligrams of spleen were homogenized in liquid nitrogen and placed in 2 ml Trizol solution for RNA extraction using the manufacturer\'s protocol (Invitrogen, USA). Ten micrograms of total RNA was reversely transcribed into the first-strand cDNA using a SuperScript RT kit (Invitrogen, USA). After amplification using chicken-specific primers ([@bib4]), PCR products of heavy and light chain variable (VH and VL) regions were subjected to a second round of PCR with a short- or long-linker ([@bib4]) to form full-length scFv fragments, which were further digested with *Sfi*I and cloned into the pComb3X vector. Recombinant DNAs were transformed into *E. coli* XL-1 blue strain by electroporation. Recombinant phage production was initiated by the addition of VCS-M13 helper phage, precipitated with 4% polyethylglycol 8000 and 3% NaCl (w/v), and finally re-suspended in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) and stored at 4 °C. Then, 10^11^ plaque-forming units (pfu) of recombinant phages from the scFv antibody library were added to wells pre-coated with α-enolase protein (0.5 μg/well), and incubated at 37 °C for 2 h. After removing unbound phages, bound phages were eluted with 0.1 M HCl/glycine (pH 2.2)/0.1% BSA, neutralized with 2 M Tris base buffer and used to infect the XL-1 blue strain. The amplified phages were precipitated and recovered as described above for the next round of selection. The panning procedure was repeated three or four times. A panel of clones were randomly selected and grown from the final panning process. After 0.5 mM IPTG induction for 6 h, bacterial cells were collected and lysed by three cycles of freezing and thawing and/or sonication. The supernatants were analyzed for their scFv antibody expression and binding reactivity to α-enolase using Western blotting and ELISA. ScFv antibodies expressed in TOP 10F′ *E. coli* (Invitrogen, a nonsuppressor strain) and purified using Ni^2+^-charged sepharose as described by the manufacturer (Amersham Biosciences, UK) were also prepared in flow cytometric and immunofluoresence analyses.

2.4. Western blotting and ELISA
-------------------------------

To detect the scFv antibody expression, the cellular lysates were subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). All the proteins were transferred onto nitrocellulose membranes (Amersham Biosciences, UK), which were then blocked with 5% skim milk in TBST for 1 h. Polyclonal goat anti-chicken IgY light chain antibodies (Bethyl Laboratories, Montgomery, TX, USA) were added at 1:3000 dilution and incubated for an additional hour. The membranes were washed with TBST three times for 5 min each. The bound antibodies were detected by adding horseradish peroxidase (HRP)-conjugated donkey anti-goat Ig antibodies (Sigma, St. Louis, MO, USA) at 1:3000 dilution. After three washings, the membranes were developed with diaminobenzidine (DAB) substrate until the desired intensity was reached. To examine their binding reactivity, the IgY purified from chicken 1 week after 4th immunization or the expressed scFv antibodies were incubated with the purified α-enolase immobilized on nitrocellulose membranes or ELISA plate wells. It was subsequently detected by adding goat anti-chicken IgY light chain and HRP-conjugated donkey anti-goat Ig antibodies as described ([@bib23], [@bib24]). The ELISA tests were done in the duplicated wells for each sample.

2.5. Sequence analysis
----------------------

The nucleotide sequence determination of heavy and light variable regions from chosen clones was carried out by an auto-sequencer machine (ABI PRISM 377; PerkinElmer, National Health Research Institute) using ompseq (5′-AAGACAGCTATCGCGATTGCAGTG-3′) and HRML-F (5′-GGTGGTTCCTCTAGATCTTCC-3′) primers. The results were analyzed using alignment program BLAST and Vector NTI (<http://www.ncbi.nlm.nih.gov/BLAST>). The overall mutation rate was defined as: (number of amino acids that differ between cloned and germline genes/total number of amino acids in germline gene) × 100%. The nucleotide sequences of heavy and light chain variable regions of EnL1, EnL2, EnL3, EnL4 and EnL5 scFv clones were deposited in GenBank (accession numbers are 1330277, 1330291, 1330296, 1330299 and 1330301, respectively).

2.6. Flow cytometry analysis
----------------------------

The PE089 cells have been cultured in RPMI 1640 supplemented with 5% fetal bovine serum, 2 mmol/L glutamine, and antibiotics for at least 40 passages *in vitro*. A total of 2 × 10^6^ cells were harvested and fixed with 2% paraformaldehyde as described (Abcam, MA, USA). The α-enolase expressed in the PE089 cells was detected with purified scFv EnL2 and EnL5 antibodies, visualized with mouse anti-HA (1:200) and Cy-2-conjugated goat anti-mouse antibodies (1:200) (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The results were analyzed using the FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Negative controls were performed as described above, omitting the primary scFv EnL2 and EnL5 antibodies, while positive controls were performed using rabbit polyclonal anti-human enolase antibodies (1:200) (Kelowna Inc., Taipei, Taiwan) instead of scFv EnL2 and EnL5 antibodies.

2.7. Immunofluorescence staining
--------------------------------

PE089 cells (2 × 10^5^  cells/ml) were seeded on cover glass and fixed by incubating with 4% paraformaldehyde (freshly prepared by mixing equal volume of 8% paraformaldehyde in 1× PBS solution) (Biotrin International Ltd., Dublin, Ireland) on ice for 15 min. After fixing, the cells were dehydrated in a sequential treatment of 70%, 95% and 99% methanol and rehydrated with 95% and 70% methanol. The slides were then overlaid with blocking buffer (1%BSA in 1× PBS) at RT for 1 hr. Following washing with 1× PBS, scFv antibodies were incubated with cells at RT for one additional h. Finally, their binding to α-enolase protein was detected by mouse anti-HA antibodies, followed by goat anti-mouse antibodies conjugated with Cy-2. Nuclei were also counterstained with PI solution as suggested (Invitrogen, USA). We examined the slides with a Confocal Spectral Microscope Imaging System (TCS SP5, Leica).

3. Results
==========

3.1. Characterization of purified recombinant α-enolase and polyclonal anti-α-enolase IgY antibodies
----------------------------------------------------------------------------------------------------

To produce antigen for chicken immunization, the α-enolase gene was cloned, expressed as both His-fused and GST-fused recombinant proteins and purified as described in Section [2](#sec1){ref-type="sec"}. After electrophoresis and Coomassie blue staining, purified His-fused and GST-fused α-enolase were visualized as a single band of 48 and 75 kD (lanes 2 and 3 in [Fig. 1](#fig1){ref-type="fig"}A, respectively). The identity of GST-fused α-enolase was verified using anti-GST antibodies as shown in lane 3, [Fig. 1](#fig1){ref-type="fig"}B. Similarly, polyclonal IgY antibodies produced in chickens immunized with purified His-fused α-enolase were able to clearly recognize both His-fused and GST-fused α-enolase immobilized on Western blots (lanes 2 and 3 in [Fig. 1](#fig1){ref-type="fig"}C).Fig. 1Characterization of recombinant α-enolase and polyclonal anti-α-enolase IgY antibodies. Samples in each panel are protein markers (lane M), purified GST (lane 1), purified α-enolase (lane 2), and purified GST-α-enolase fusion protein (lane 3). Purified proteins visualized by Coomassie blue staining (panel A) were blotted onto nitrocellulose paper and probed with anti-GST antibodies (panel B) or sera from 4th-immunized chicken (panel C). The molecular weight of recombinant α-enolase protein is about 48 kD.

3.2. Chicken immunization
-------------------------

Sera and eggs were collected from chickens before and after each immunization. We purified total IgY antibodies in egg yolk and detected the presence of their heavy and light chain fragments using horse radish peroxidase-conjugated anti-chicken IgY antibodies (data not shown). The purified IgY antibodies were used to test for their binding activity to α-enolase immobilized on nitrocellulose membrane ([Fig. 1](#fig1){ref-type="fig"}C) or ELISA plate wells. As shown in [Fig. 2](#fig2){ref-type="fig"} , the IgY antibodies prepared from the egg yolk after the 4th immunization specifically bind to α-enolase but not bovine serum albumin when titered at 1:16,000 dilution, suggesting a strong humoral antibody response was elicited in the chicken host. In contrast, the IgY antibodies from pre-immunized chicken eggs showed very little binding signal to either antigen.Fig. 2Humoral IgY responses in chicken after the 4th immunization analyzed by ELISA. Purified α-enolase protein and bovine serum antigen (BSA) were coated on plate wells. A series of diluted IgY antibodies were examined for their specific binding activity to either α-enolase or BSA. Solid and open bars represent the binding of IgY from 4th- or pre-immunized chickens to α-enolase, respectively. In addition, their binding to BSA presented by deep and light gray bars were shown in parallel as negative controls.

3.3. Construction of scFv antibody library and biopanning
---------------------------------------------------------

The chickens were sacrificed 8 weeks after the last immunization and total RNA was extracted from the enlarged spleens for antibody library construction. The amplification of full-length scFv gene fragments was carried out using 2 consecutive PCR steps. In the primary PCR, VH gene products were amplified as 400 bp in size using primers containing short (GGSSRSS) and long (GGSSRSSSSGGGGSGGGG) linkers as presented as EnVH.S ([Fig. 3](#fig3){ref-type="fig"}A, lane 2) and EnVH.L ([Fig. 3](#fig3){ref-type="fig"}A, lane 3), respectively. Accordingly, the VL gene was amplified as a band of 350 bp and loaded in lane 4 in [Fig. 3](#fig3){ref-type="fig"}A (EnVL). Subsequently, the amplified VH and VL were joined to form full-length scFv gene fragments of approximately 750 bp presented as EnscFv.S (lane 2) and EnscFv.L (lane 3) in [Fig. 3](#fig3){ref-type="fig"}B. Several phage displaying antibody libraries were constructed and two of which were used to screen the specific anti-α-enolase scFv antibodies ([Table 1](#tbl1){ref-type="table"} ).Fig. 3PCR amplification of the variable regions in chicken immunoglobulin genes. Variable regions of the light chain (EnVL) and heavy chain with short-linker (EnVH.S) or with long-linker (EnVH.L) were amplified successfully (panel A). The second round of PCR generated the full-length scFv gene fragments with short (EnscFv.S) or long (EnscFv.L) linkers (panel B).Table 1The size of anti-α-enolase scFv gene libraries and eluted phage titer of each panning.LibrarySizePanning cycleEluted phage numbersEnscFv.S2.4 × 10^4^1st2.2 × 10^4^2nd1.2 × 10^4^3rd1.3 × 10^4^4th1.8 × 10^4^  EnscFv.L3.5 × 10^5^1st1.6 × 10^4^2nd1.4 × 10^4^3rd5.8 × 10^4^4th7.2 × 10^5^

3.4. Characterization of anti-α-enolase scFv clones
---------------------------------------------------

Four rounds of panning cycles were carried out as described above. After each panning, fifteen clones were randomly selected and analyzed for 750 bp fragment inserts in the pCom3X cloning vector and for scFv antibody protein expression. Our data (not shown) indicated that 67% (10/15), 87% (13/15), 100% (15/15) and 100% (15/15) of clones from each round of panning had the full-length inserts. Moreover, ten clones with 750 bp inserts from the last round of panning were induced to express their scFv antibodies. These results indicated that the expression level of immunoglobulin genes with highly conserved sequences could be dramatically different even under identical experimental conditions.

3.5. Gene sequencing and ELISA analysis
---------------------------------------

The nucleotide sequences of the variable regions of heavy and light chain genes of 10 clones were determined and aligned to the germline gene sequences of chicken immunoglobulin. The results revealed that 30% of the sequenced clones (EnL5, EnL6 and EnL7) shared identical heavy and light genes leading to the similar profiles of their scFv antibody expression as seen in lanes 5--7 in [Fig. 4](#fig4){ref-type="fig"} . The overall mutation rates as compared to the germline gene sequences range from 18.6% to 27.4% and from 13.5% to 23.1% in heavy and light chain variable regions, respectively ([Fig. 5](#fig5){ref-type="fig"} ). The binding activities of the expressed EnL1 to EnL7 scFv antibodies against α-enolase were analyzed using ELISA. We found that those scFv antibody fragments exhibit significant binding activity to α-enolase as compared to 2 other scFv antibodies which were previously characterized and known to specifically recognize SARS-CoV spike protein. In particular, EnL2, EnL4, EnL5 and EnL6 scFv antibodies showed stronger positive reactivity than polyclonal IgY purified from chicken immunized with the human α-enolase molecule ([Fig. 6](#fig6){ref-type="fig"} ).Fig. 4Expression of scFv antibodies analyzed by Western blotting. Identical amounts of total cellular lysates from 30 clones were loaded onto SDS-PAGE and transferred to nitrocellulose papers. The presence of scFv antibodies was detected by goat anti-chicken light chain antibodies at 1:3000 dilution, followed by HRP-conjugated donkey anti-goat IgG. The predicted molecular weight of scFv fragment is approximately 35 kDa. The blot is a representative result of scFv expression in 10 selected clones.Fig. 5Sequence analysis of VL and VH genes of scFv antibodies. The nucleotide sequences of VH and VL of 10 clones were determined and translated into amino acid sequences to be aligned with those of the chicken germline gene. FR: framework region; CDR: complementarity-determining region. Sequence gaps were introduced to maximize the alignment; these are indicated by blank spaces. Dots indicate the consensus sequences. Framework region (FR) and complementarity-determining region (CDR) boundaries are indicated above germline sequences.Fig. 6Binding activity of scFv antibodies to purified α-enolase analyzed by ELISA. Cellular lysates containing scFv antibodies from randomly selected clones from the 4th panning cycle were examined for their binding to purified α-enolase coated onto the plate wells. Binding activity was detected using the goat anti-chicken light chain antibodies at 1:3000 dilution, followed by HRP-conjugated donkey anti-goat IgG and measured at 450 nm. Two anti-SARS-CoV scFv antibodies (SCoS-S8 and SCoS-L22) were used as negative controls. One additional control experiment was carried out as described without adding primary recombinant scFv antibodies. Polyclonal IgY antibodies from chickens immunized with purified α-enolase were used as a positive control. The ELISA data were represented as means of the duplicated experiments.

3.6. FACS analysis
------------------

To test the binding reactivity of these cloned scFv antibodies, human α-enolase intrinsically expressed in PE089 tumor cells was analyzed for its expression on the membrane surface which was subsequently analyzed by flow cytometry. EnL2 and EnL5 scFv antibodies purified as a single band on SDS-PAGE (data not shown) were able to detect α-enolase protein in PE089 cells, and the binding signal is comparable to that of commercially available rabbit polyclonal antibodies specific for α-enolase as demonstrated in [Fig. 7](#fig7){ref-type="fig"} .Fig. 7Binding activity of scFv antibodies to purified α-enolase analyzed by flow cytometry. Surface associated α-enolase on PE089 cells was detected using purified EnL2 and EnL5 scFv antibodies, mouse anti-HA (1:200) and Cy-2-conjugated goat anti-mouse antibodies (1:200). The grey thin lines indicate negative control, cells treated with DMSO alone and stained with fluorescence-labeled Abs against surface markers; the gray solid lines indicate cells stained with fluorescence-labeled Ig isotype controls; and the black solid lines indicate cells stained with scFv antibodies EnL2 and EnL5 fluorescence-labeled Abs against surface α-enolase. The results of one representative experiment of three separate experiments are shown.

3.7. Immunofluorescence and laser scanning microscopy
-----------------------------------------------------

We also applied immunocytochemical staining to assess the binding ability of purified EnL2 and EnL5 scFv antibodies against α-enolase molecules expressed in PE089 cells. It has been demonstrated that the α-enolase molecule is mainly expressed and translocated on the nuclear membrane of PE089 cells (personal communication with Dr. N-Y Shih). Accordingly, our recombinant EnL2 and EnL5 scFv antibodies exhibited significant binding signal around the cell nuclear membrane as shown in [Fig. 8](#fig8){ref-type="fig"} . In contrast, two negative controls using Cy-2-conjugated goat anti-mouse antibodies only or 4L8 clone expressing a scFv antibody specific for SARS-CoV spike protein instead showed no reactivity at all. The cell morphology and distribution under light microscopy are included in the most left panel for comparison. Taken together, the results provided further evidence to show that phage display technology might be a better alternative over hybridoma protocol for the cloning and generation of scFv antibodies against specific antigens.Fig. 8Immunofluorescent staining of α-enolase protein in PE089 cells. Cells were fixed and their α-enolase expression was detected using purified EnL2 and EnL5 scFv antibodies, followed by mouse anti-HA and Cy-2-conjugated goat anti-mouse antibodies. The nucleus (red) was visualized by PI staining. Both EnL2 and EnL5 scFv antibodies clearly stained nuclear membrane (green) in PE089 cells. An anti-SARS-CoV scFv antibody, 4L8, did not show any reactivity with nuclear membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

4. Discussion
=============

The objective of this study was to produce and characterize a panel of recombinant antibodies against human α-enolase for their potential diagnostic application in the future. The recombinant α-enolase proteins were successfully expressed in *E. coli* and purified to a great extent of homogeneity as shown in [Fig. 1](#fig1){ref-type="fig"}. A specific humoral response in immunized chickens was steadily observed after a 2nd booster injection. The polyclonal IgY antibodies from the 4th immunization showed a strong reactivity to α-enolase antigen using a 1:16,000 dilution. Moreover, the high titer of anti-α-enolase IgY antibodies was continuously detected 4 months after final immunization (data not shown). Taken together, our data indicated that α-enolase protein is highly immunogenic in experimental chicken, and this system has been applied to elicit polyclonal IgY antibodies with high specificity against numerous genetically distinctive antigens ([@bib8], [@bib25], [@bib31]).

The expression of scFv antibody in *E. coli* was examined on randomly chosen clones after the 4th panning step. As is often encountered in protein expression studies, the expressed levels and stability in our characterized scFv clones containing evolutionarily close immunoglobulin genes were also unpredictable and various ([@bib15], [@bib19]). As shown in [Fig. 4](#fig4){ref-type="fig"}, EnL1, EnL3 and EnL9 scFv antibodies were barely detected as determined on Western blots as compared to EnL5, EnL6 and EnL7 clones. Indeed, the amount of expressed scFv antibodies of EnL5, EnL6 and EnL7 was clearly visualized on Coomassie blue-stained SDS-PAGE (data not shown). These 3 clones exhibited identical protein expression patterns, suggesting they might be derived from one parental clone. This speculation was further supported by subsequent sequence analysis on the heavy and light chain variable genes of these clones. We did not detect any scFv antibodies expressed in clone EnL8 or EnL10 under identical conditions. Combined with the fact that all the immunoglobulin genes are highly conserved as mentioned earlier, our data indicate that the levels of their expression as scFv molecules in *E. coli* cells vary tremendously from clone to clone.

Numerous antibodies composed of single-chain variable fragment (scFv) have been cloned and generated against broad tumor-associated antigens using a phage display system ([@bib29], [@bib34]). We have constructed several immune antibody libraries from the spleen of chicken immunized with α-enolase by this novel technology. Of these antibody libraries, two, one constructed with a short-linker (6 × 10^4^  clones) and the other with a long-linker (3.5 × 10^5^  clones), were panned against recombinant human α-enolase. Several specific scFv antibodies with high binding activity, as represented by clones EnL2 and EnL5, were obtained from the long-linker containing library. On the contrast, the scFv antibodies characterized in the short-linker containing library are of low affinity and specificity. Our pilot studies demonstrated that the specific anti-α-enolase scFv antibody clones could not be readily detected in the original library constructed with a short-linker in a plaque lift assay (data not shown), suggesting the heavy and light variable genes specific for α-enolase might not be amplified, cloned, expressed or displayed on the surface of M13 viral particles. However, the reasons for such results are not exactly known.

The power of the phage display technology is its effectiveness to enrich specific antibodies with high affinity in an *in vitro* panning procedure ([@bib6]). Sequence analysis data indicated all the clones contained heavy and light chain variable genes derived from the chicken germline in which 3 clones (EnL5, EnL6 and EnL7) use the same heavy and light genes for their scFv antibody expression Together with the finding that the ratio of recombinant clones with full-length of scFv gene inserts increased from 67% to 100% during the panning cycles, the data supported very strongly that mono-specific anti-α-enolase with high affinity could be steadily generated using phage display antibody technology. Notably, high mutation rates ranging from 14.3% to 100% were found in CDR regions of both VL and VH genes; in particular the entire CDR3 region of VH genes of chicken germline was substituted by amino acids with various length and sequences in all the characterized clones ([Fig. 5](#fig5){ref-type="fig"}). It was previously reported that somatic hypermutations to increase antibody affinity occurred more frequently in the CDR than FR regions of the rearranged V genes ([@bib13]). Thus, all EnL clones in the study accumulated more mutations in their CDR regions as a result of affinity selection of B cells.

As compared to the traditional hybridoma method, our present study indicated that it is feasible to generate poly-specific IgY antibodies in chicken and subsequently mono-specific scFv antibodies using phage display technology. These scFv antibodies could be applied to delineate the potential biological functions of α-enolase protein played in the lung carcinogenesis and to develop valuable reagents for clinical applications.
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